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MINIREVIEW / MINISYNTHESE

Structure and function of the NHE1 isoform of the
Na*/H" exchanger

Emily Slepkov and Larry Fliegel

Abstract: The Na*/H* exchanger is a ubiquitous, integral membrane protein involved in pH regulation. It removes
intracellular acid, exchanging a proton for an extracellular sodium ion. There are seven known isoforms of this protein
that are the products of distinct genes. The first isoform discovered (NHEL) is ubiquitously distributed throughout the
plasma membrane of virtually all tissues. It plays many different physiological roles in mammals, including important
functions in regulation of intracellular pH, in heart disease, and in cytoskeletal organization. The first 500 amino acids
of the protein are believed to consist of 12 transmembrane helices, a membrane-associated segment, and two reentrant
loops. A C-termina regulatory domain of approximately 315 amino acids regulates the protein and mediates cytoskel-
etal interactions. Studies are underway to determine the amino acid residues important in NHEL function. At present, it
is clear that transmembrane segment 1V is important in NHE1 function and that transmembrane segments VIl and 1X
are also involved in transport. Further experiments are required to elucidate the mechanism of transport and regulation
of this multifunctional protein.
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Résumé : L'antiporteur Na'/H* est une protéine membranaire intégrale qui sert a la régulation du pH et se trouve dans
toutes les cellules. Il élimine I'acidité intracellulaire en faisant sortir un proton et entrer un ion sodium extracellulaire.
Les sept isoformes connues de cette protéine sont les produits de génes différents. La premiére isoforme découverte
(NHEL) se trouve dans la membrane plasmique des cellules de tous les tissus. Elle a plusieurs rdles physiologiques
chez les mammiferes, entre autres, elle joue un rdle important dans la régulation du pH intracellulaire, I'organisation du
cytosquelette et les cardiopathies. Les premiers 500 acides aminés de la protéine formeraient 12 hélices

transmembranaires, 1 segment associé a la membrane et 2 boucles réentrantes. Un domaine régulateur C-terminal
constitué d'environ 315 acides aminés régle la protéine et intervient dans les interactions avec |le cytosquelette. Des
études sont en cours pour déterminer quels sont les résidus d'acides aminés importants pour la fonction de NHEL.
Présentement, il est évident que le segment transmembranaire 1V est important pour la fonction de NHEL et que les
segments transmembranaires VII et IX interviennent également dans le transport. D'autres expériences sont nécessaires
pour éucider le mécanisme de transport et de régulation de cette protéine multifonctionnelle.

Mots clés : transport de cations, pH intracellulaire, protéines membranaires, antiporteur Na‘*/H* exchanger.

[Traduit par la Rédaction]

Introduction

The mammalian Na'/H* exchangers are a family of inte-
gral membrane proteins that mediate the exchange of Na*
for H*. These exchangers use the energy of sodium gradients
to catalyze the electroneutral exchange of one Na" for one
H*. In so doing, most isoforms move protons out of cells,
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across the plasma membrane. Members of the family of
Na*/H* exchangers have a genera structure, which consists
of a membrane domain of approximately 500 amino acids
and a large “tail” of about 300 amino acids (Fliegel 2001;
Orlowski and Grinstein 1997). In this review, we describe
the family of mammalian Na'/H* exchangers and their phys-
iological roles, focusing on the first known isoform of the
protein that has been the most well studied. We also summa-
rize recent findings regarding the mechanism of Na*/H* ex-
change and the amino acids that are important in the
structure and function of the protein.

Na*/H* exchanger family

To date, seven isoforms of the Na'/H* exchanger (NHE1-
NHE?) have been identified (Baird et al. 1999; Sardet et al.
1989; Numata and Orlowski 2001; Numata et al. 1998; Tse
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et a. 1993; Wang et a. 1993). Each isoform represents a
distinct gene product with its own specific pattern of tissue
expression, membrane localization, kinetic properties, physi-
ological roles, and sensitivities to pharmacological inhibitors
(Chambrey et al. 1997; Orlowski 1993; Szabo et al. 2000;
Yu et a. 1993). The isoforms share ~20-70% amino acid
identity, with calculated molecular weights ranging from
~74 000 to 93 000 (Orolowski and Grinstein 1997). Hydrop-
athy analysis of the various amino acid sequences indicates
that the exchangers have similar predicted membrane topol-
ogies, with an N-terminal membrane domain consisting of
12 transmembrane helices and a large C-terminal cytoplas-
mic domain (Wakabayashi et al. 2000a).

The NHEL isoform was discovered first (Sardet et al.
1989) and is the most extensively studied member of the
Na*/H* exchanger family. This “housekeeping” isoform is
nearly ubiquitous in the plasma membrane of virtually all
tissues and is the primary NHE subtype found in the mam-
malian cardiac cell (Fliegel 2001; Fliegel et a. 1991; Fliegel
and Wang 1997). The isoforms NHE2-NHES5 are aso local-
ized to the plasma membrane, but they have more restricted
tissue distributions. NHE2 and NHE3 are predominantly lo-
cated in the apical membrane of epithelia. NHE2 is found in
larger amounts in the stomach and intestine (Collins et al.
1993; Wang et al. 1993). NHE3 is expressed at high levelsin
colon and small intestine, with significant levels also present
in kidney and stomach (Orlowski et al. 1992). A significant
fraction of NHE3 is also present within cells in recycling
endosomes (D’ Souza et a. 1998). NHE4 is most abundant in
stomach epithelium, kidney inner medullar, and hippocam-
pus (Bookstein et al. 1997). NHES is expressed predomi-
nantly in brain but is also present in other nonepithelial
tissues including spleen, testis, and skeleta muscle
(Orlowski and Grinstein 1997; Szabo et al. 2000). NHE6
and NHE?7 are both localized intracellularly. NHE6 is ex-
pressed in metabolically active tissues such as heart, brain,
and skeletal muscle, and it was initially reported to be local-
ized to the mitochondria (Putney et a. 2002; Numata et al.
1998). Later reports, however, have suggested that it is local-
ized to an endosomal compartment and is not present in mi-
tochondria (Brett et a. 2002; Nass and Rao 1998). The
isoform NHE7 is ubiquitously expressed and is localized
predominantly to the trans-Golgi network (Numata and
Orlowski 2001).

The many physiological functions of the
Na*/H* exchanger

Na*/H* exchange activity is centrally important in a vari-
ety of physiological processes. The most important role of
the mammalian Na‘/H* exchanger is to regulate cytosolic
pH. The exchanger protects cells from intracellular acidifica-
tion: mutant cell lines devoid of Na'/H* exchange activity
are extremely sensitive to acidosis (Grinstein et al. 1989;
Pouyssegur et al. 1984). The Na'/H* exchanger is activated
by decreased intracellular pH, so when acidosis occurs the
increased activity of the protein compensates, raising intra-
cellular pH to “normal” values. The Na'/H* exchanger also
regulates sodium flux and cell volume after osmotic shrink-
age (Grinstein et al. 1989; Shrode et al. 1996). When cells
are exposed to hyperosmotic solutions, the Na‘'/H*
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exchanger responds with rapid increases in activity that re-
sult in cytosolic alkalinization. This response comprises part
of aregulatory increase in cell volume, which compensates
for the shrinkage caused by the external hyperosmolarity
(Bianchini et a. 1995).

In addition to its role in regulating cellular pH and vol-
ume, the Na'/H* exchanger also initiates shifts in intra-
cellular pH that stimulate changes in the growth of cells or
ater their functional state (Grinstein et a. 1989; Hoffmann
and Simonsen 1989). For example, it has long been known
that the Na*/H* exchanger is important in the growth of tu-
mors because tumor cells deficient in Na‘/H* exchange ac-
tivity either fail to grow or show severely retarded growth
when implanted into immune-deficient mice (Rotin et al.
1989). More recently, it has been demonstrated that cellular
akalinization resulting from NHE1 activation is a key step
in oncogenic transformation and is necessary for both the
development and maintenance of a transformed phenotype
(Reshkin et al. 2000). It is also known that mitotic stimula-
tion of cells is associated with increased expression of the
Na*/H* exchanger protein. This increased expression may
aid in the elevation and maintenance of intracellular pH dur-
ing cell growth (Besson et a. 1998).

Increased activity and increased levels of expression of
the Na'/H* exchanger are also important in cell differentia-
tion. A number of different treatments result in increased
MRNA levels for NHE1L, including treatments that cause cel-
lular differentiation (Rao et al. 1991, 1992). During the dif-
ferentiation of human leukemic cells (HL-60), transcription
of the NHE1 gene increases 18-fold and NHE1 protein lev-
els increase sevenfold (Rao et al. 1991, 1992). More re-
cently, we have shown that there is a transient increase in
transcription of the NHEL1 gene both during differentiation
of P19 cells induced by retinoic acid and when L6 cells dif-
ferentiate from myoblast to myotubes (Yang et a. 1996).
These observations suggest that the Na'/H* exchanger plays
an important role in cellular differentiation. It has been sug-
gested that increased exchanger activity during differentia-
tion is important in enabling the differentiation to occur, at
least in some cell types (such as P19 cells) (Alvarez et al.
1989; Hazav et al. 1989; J. Wang et al. 1997). However,
since this requirement does not appear to be universal, the
importance of the Na'/H* exchanger may be diminished
where other proteins are important in pH regulation (Vairo
and Hamilton 1993).

pH regulation activity by the Na'/H* exchanger plays a
significant part in mediating the damage that occurs to the
human myocardium during ischaemia and reperfusion. Dur-
ing cardiac ischaemia, protons accumulate and the intra-
cellular pH drops. During the ischaemia and the subsequent
reperfusion, the Na'/H* exchanger removes intracellular pro-
tons and this results in an accumulation of intracellular Na*.
The accumulation of Na* either reduces extrusion of Ca®* by
the Na'/Ca?* exchanger or even reverses this bidirectional
exchanger (Karmazyn 1996a, 1996b, 2001; Karmazyn et al.
1999). Excess Ca?* therefore accumulates inside the cell and
causes cell necrosis, contracture, and cardiac arrhythmias.
Amiloride derivatives, which inhibit the Na*/H* exchanger,
are successful in blocking this cycle of damage to the myo-
cardium. In addition, a new class of anti-ischaemic,
guanidinium-derivative compounds, including HOE694,
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HOE®642, and cariporide, has also proven useful for this pur-
pose (Karmazyn 1996a, 1996b; Avkiran and Y asutake
1996).

Recently, the Na*/H* exchanger has also been shown to
play an important role in myocardial hypertrophy. Hypertro-
phy of the myocardium is an early, maladaptive response to
congestive heart failure and its attenuation is a primary ob-
jective for therapeutic treatments. Recent studies have shown
that inhibition of Na‘/H* exchanger activity can prevent
myocardial hypertrophy (Yoshida and Karmazyn 2000;
Kusumoto et al. 2001). The mechanism by which this occurs
has not yet been determined, but it likely involves either the
proton or sodium fluxes resulting from Na‘/H* exchanger
activity.

In addition to regulating cytosolic pH, NHE1 also acts as
a structural anchor that is involved in organization of the
cytoskeleton (Denker and Barber 2002). This structural role
of NHEL is independent of its function as an ion exchanger.
NHE1 acts as an anchor for actin filaments that control the
integrity of the cortical cytoplasm. The anchoring occurs via
structural links between NHE1 and the actin-binding pro-
teins ezrin, radixin, and moesin (Denker et a. 2000). The
importance of NHE1 as a structural anchor is shown in
fibroblasts expressing NHE1 mutants that have disrupted
ERM binding. These cells have impaired organization of fo-
cal adhesions and actin stress fibers, and they have an irreg-
ular cell shape (Denker et al. 2000). Overall, structuraly,
NHEL is thought to determine membrane integrity and cell
shape and to restrict transmembrane proteins to localized
microdomains (Putney et al. 2002). Furthermore, the struc-
tural role of NHE1 may enable actin-dependent regulation of
NHE1 activity and could result in a restricted distribution of
NHEL enabling localized H* efflux (Putney et al. 2002).

Evidence suggests that the Na'/H* exchanger might also
play a physiological role in moderating apoptosis, although
this varies with cell type. For example, pH regulation by the
Na*/H* exchanger elicits a novel response in cytokine-
dependent, pro-cell lines. Specifically, following with-
drawal of cytokines, the Na'/H* exchanger mediates an ele-
vation of intracellular pH (Khaled et al. 2001). This triggers
an apoptotic pathway, alowing the proapoptotic protein Bax
to trandocate to the mitochondria (Khaled et al. 1999).
Studies in human leukemic cells also suggest that the
Na‘/H* exchanger plays a role in apoptosis. However, in
these cells, inhibition of the Na*/H* exchanger elicited a de-
creased intracellular pH, and this was followed by the rapid
induction of apoptosis (Rich et a. 2000). These results sug-
gest that, under appropriate conditions, inhibition of the
Na*/H* exchanger may be a potential route for antileukemic
therapy. The roles that the Na'/H* exchanger plays in
apoptosis remain to be characterized in various cell lines and
tissues.

Na*/H* exchanger pharmacology

All isoforms of the Na*/H* exchanger are inhibited by the
diuretic compound amiloride and its analogues and by novel
benzoyl guanidinium compounds such as HOE694 and
cariporide (Counillon et al. 1993b). Comparisons of the dif-
ferent isoforms of the Na*/H* exchanger show that they have
differing affinities for these inhibitors, with the following or-
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der of sensitivity under similar experimental conditions:
NHE1 = NHE2 > NHE5 > NHE3 (Orlowski and Grinstein
1997). NHE4 and NHE6 are both insensitive to amiloride
(Putney et a. 2002). Since NHEL is the primary isoform of
the Na'/H* exchanger in mammalian cardiac cells (Fliegel
and Dibrov 1996; Fliegel et a. 1991, 1993a; Orlowski et al.
1992), the selective properties of these inhibitors for this
isoform have been exploited therapeutically for treatment of
cardiac ischaemia and reperfusion injuries. A recent clinical
trial, the “GUARDIAN" trial, evaluated the ability of the in-
hibitor cariporide to afford protection to a variety of subjects
at risk for ischaemic heart disease. The drug showed benefi-
cial effects in only one subgroup of patients, those with cor-
onary artery bypass graft surgery (Avkiran and Marber
2002). The results of this and other trials suggest that the
cardioprotective effects of inhibiting the Na*/H* exchanger
are apparent only if the inhibition occurs before the onset of
myocardial ischaemia (Avkiran and Marber 2002). Overall,
inhibition of the Na*/H* exchanger appears to offer a rea-
sonable strategy for treatment of at least some forms of
myocardial heart disease.

Although the Na'/H* exchangers have been extensively
studied, little is known about how these antiporters actually
interact with their inhibitors and how the inhibitors function
in relation to the binding and transport of Na“ and H*. For
some time, it was thought that Na* and the inhibitors of the
Na*/H* exchanger bind at a common site because amiloride
and HOEG94 both competitively inhibit Na* binding (Harris
and Fliegel 1999). However, there is also evidence to the
contrary, as severa studies have demonstrated that the Na'-
binding site and the inhibitor-binding site can be altered in-
dependently of one another (Orlowski and Kandasamy 1996;
Wang et al. 1995; Yun et al. 1993). In addition, under chlo-
ride-free buffer conditions, amiloride and its derivatives in-
hibit transport noncompetitively (Ives et al. 1983; Warnock
et al. 1988). Considering all of these findings, it now ap-
pears that Na" and inhibitors of the Na'/H* exchanger com-
pete for physically distinct binding sites that can sometimes
function cooperatively with respect to ion exchange. It may
be that the inhibitor-binding site partially overlaps the Na*-
binding site or that binding of the inhibitor alters the Na*-
binding site (Harris and Fliegel 1999). Further research into
the exact location of the inhibitor- and Na*-binding sites
could lead to the development of more potent and selective
inhibitors of the protein.

General structure of the NHE1 isoform of
the Na*/H" exchanger

Despite more than 40 years of investigation into the func-
tion of the Na'/H* exchanger, much remains unknown about
this critically important protein. It is known that the mem-
brane domain of the exchanger is both necessary and suffi-
cient for ion transport, while the cytosolic domain is involved
in the regulation of ion-exchange activity (Wakabayashi et al.
1992). Recently, using substituted cysteine accessibility analy-
sis, Wakabayashi et al. (2000a) determined that NHE1 has a
novel membrane topology. As illustrated in Fig. 1, in addition
to confirming that NHEL has 12 transmembrane helices, with
both the N- and C-termini located in the cytosol, these authors
aso identified a membrane-associated segment and two
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Fig. 1. Model of the NHEL isoform of the mammalian Na*/H* exchanger. The topology of the protein is illustrated after Wakabayashi
et a. (2000a). Amino acid residues known to be important in structure and function are illustrated. Regions of the cytoplasmic domain
important in regulation or protein—protein interaction are illustrated. Purple circles, residues implicated in both ion binding and trans-
port and inhibitor binding; red circles, residues implicated in ion binding and transport; blue circles, residues implicated in inhibitor
binding; green circles, residues implicated in Na*/H* exchanger folding and targeting to the plasma membrane. IL, intracellular loop;
EL, extracellular loop. The positions of reentrant intracellular loops and the membrane-associated segment are illustrated. The associ-
ated proteins calmodulin (CaM), calcineurin homologous protein (CHP), and tescalcin (TC) are illustrated in their approximate known
binding sites. The binding site of TC is not known. “P’s indicate the approximate sites of phosphorylation of the cytosolic tail of the

protein. Numbering indicates the putative positions of the amino acids within the model.
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reentrant loops within the protein. In terms of quaternary
structure, it has been demonstrated that NHE1 forms
homodimers (Fafournoux et al. 1994; Fliegel et a. 1993b).
However, the NHEL monomer is the minimal functional unit
required for Na'/H* exchange activity and it remains unclear
whether the dimerization is necessary for activity (Fafournoux
et a. 1994).

Regulation of the activity of NHE1

The activity of the NHEl isoform of the Na'/H*
exchanger is closely regulated. The major regulatory stimu-
lus for this protein is intracellular acidosis, which is negligi-
ble under normal physiological conditions. However, if and
when intracellular pH does decrease, the exchanger is rap-
idly activated (Karmazyn et al. 2001). In addition to re-
sponding to intracellular protons, NHE1L can be activated by
extrinsic factors such as hormones and growth factors. These
factors activate NHE1 by shifting its pH dependence to a
more alkaline range, causing it to have a greater than “nor-
mal” activity at alkaline pH (Fliegel 2001). Much of the shift
in pH dependence is accomplished mainly through phos-
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phorylation of the exchanger’'s C-terminal regulatory do-
main, near the distal end of the tail (amino acids 656-815 in
human NHE1) (Moor and Fliegel 1999). The regulation of
the Na‘/H* exchanger by phosphorylation is complex and
appears to vary with cell type. Several kinases are thought to
regulate NHE1 activity. To date, it is known that phos-
phorylation by mitogen-activated protein kinase (Moor and
Fliegel 1999; Moor et a. 2001; H. Wang et al. 1997), Rho
kinase (Tominaga et a. 1998), Nck-interacting kinase (Yan
et al. 2001), and p90™* (Moor and Fliegel 1999; Takahashi
et al. 1997) results in activation of the exchanger. In con-
trast, protein kinase p38 is reported to inhibit the exchanger
in some cell types (Kusuhara et al. 1998) and stimulate it in
others (Khaled et al. 2001). Other kinases, including protein
kinase C and protein kinase D, regulate the exchanger but do
not appear to phosphorylate it directly (Fliegel et a. 1992;
Haworth et al. 1999; Snabaitis et al. 2000; H. Wang et al.
1997). It is not yet known how phosphorylation of the
Na*/H* exchanger mediates the increased exchange activity.
The Na'/H* exchanger is also regulated via interactions
with a number of regulatory proteins (Fig. 1). The cytoplas-
mic, C-terminal tail of NHE1 has two domains that are capa-
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ble of binding calmodulin with high affinity (CaM-A, Ky ~
20 nM) and low &ffinity (CaM-B, K4 ~ 350 nM), respec-
tively (Bertrand et a. 1994). The high-affinity site is be-
lieved to be important in regulating NHEL activity, with the
current model suggesting that at basal intracellular Ca?* lev-
els the unoccupied CaM-A site exerts an autoinhibitory ef-
fect that is relieved upon Ca?*—calmodulin binding (Fliegel
2001; Wakabayashi et al. 1994). A second Ca?*-binding pro-
tein that interacts with NHEL is calcineurin B homologous
protein (CHP) (Lin and Barber 1996). Overexpression of
CHP prevents stimulation of NHE1 activity. Thus, it appears
that CHP could act as a negative regulatory protein, which
binds to NHEL constitutively in the resting state, maintain-
ing a reduced transport activity (Putney et al. 2002). Re-
cently, a novel regulatory protein has been found to bind to
the Na*/H* exchanger. This protein, called tescalcin, is a cal-
cium-binding protein that is implicated in differentiation and
that has homology to CHP. It was found to bind to the car-
boxyl terminal of the Na/H* exchanger and to colocaize
with the Na*/H* exchanger in cellular lamellipodia. Its func-
tion is not yet clear, although it may have a role similar to
that of CHP (Mailander et a. 2001). Finally, the protein
HSP70 can aso bind directly to the C-termina regulatory
domain of NHE1 (Silva et al. 1995), but this interaction is
likely involved in folding and processing of the antiporter
rather than in regulation.

The complex interplay among components that occurs in
regulation of the Na*/H* exchanger by both phosphorylation
and protein—protein interaction is still not well understood.
The effects of phosphorylation on the action of the regula-
tory proteins, and vice versa, remain to be determined. Im-
portantly, however, results to date suggest that the regulation
of NHEL1 varies from one cell type to another.

Regulation of the expression of the Na*/H*
exchanger

The factors involved in regulating expression of the
Na*/H* exchanger are only now starting to be understood. In
1991, Miller et al. (1991) isolated the first genomic clone of
the human Na'/H* exchanger gene. Since then, the promoter
of the mouse NHEL1 gene has been cloned in our laboratory
(Dyck et a. 1995) and the promoter of the rabbit NHE1
gene has also been cloned (Blaurock et al. 1995). Elements
of the NHEL promoter that are important in regulating gene
expression have been analyzed in several cell types, and it
appears that the regulation of expression varies from one cell
type to another. The transcription factor AP-1 isinvolved in
regulation of NHE1 expression in cultured cells from the re-
nal proximal tubule (Horie et al. 1992). Four proximal re-
gions of the human promoter were reported to be important
in NHE1 expression in hepatic and smooth muscle cells (A—
D, from most proximal to distal relative to the start site), and
deletion or substitution of nucleotides within the D region
caused decreases in promoter activity (Kolyada et al. 1994).
This region of DNA was shown to bind rat liver nuclear fac-
tor(s), possibly C/EBP (Kolyada et al. 1994, 1995).

The mouse NHE1 promoter has been analyzed in more
detail than either the human or rabbit promoter. Deletion of
regions of the promoter upstream of an AP-2-like site re-
duced basal activity of the promoter by 70% in fibroblasts
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(Dyck et al. 1995) and by 40% in P19 embryonal carcinoma
cells (Dyck and Fliegel 1995). Gel mobility shift analysis
and transfection with an AP-2 expression plasmid showed
that the transcription factor AP-2, or an AP-2-like protein,
binds to this region of the NHEL1 promoter and is important
in expression. More recently, a novel poly (dA:dT) region of
the promoter was shown to be involved in regulation of
NHEL expression in L6 and NIH 3T3 cells (Yang et al.
1996). In addition, we have shown that serum and growth
factors stimulate promoter activity in cardiomyocytes and
fibroblasts. In both of these cell types, more distal elements
of the promoter (0.8-1.1 kb) are involved (Besson et al.
1998), and further, COUP transcription factors (COUP-TFs)
act at this distal region to regulate expression of the Na*/H*
exchanger gene. COUP-TFs are orphan receptors that are
important in embryonic development and in neura cell de-
termination. The distal element of the NHEL promoter was
responsive to the expression of COUP in NIH 3T3
(fibroblast) cells, suggesting that COUP-TFs may play arole
in regulating expression of the Na*/H* exchanger during de-
velopment (Fernandez-Rachubinski and Fliegel 2001). In
keeping with this suggestion, we have recently shown that
expression of the Na'/H* exchanger is regulated during em-
bryonic development. The level of NHEL gene transcription
is highest, in utero, in the heart and liver at 12 days of de-
velopment. It then declines to a much lower level immedi-
ately prior to hirth (Reider and Fliegel 2002).

Regulation of the NHEL promoter affects both mRNA lev-
els and production of NHE1 protein. Obviously, the amount
of NHE1 protein in a cell will affect the maximal velocity of
ion exchange, and so, not unexpectedly, a number of envi-
ronmental stimuli have been shown to affect the level of
mRNA for NHE1, the amount of the protein itself, and
Na*/H* exchange activity in the myocardium. For example,
both NHE1 message levels and the activity of NHE1 are
greater in the cardiac tissue of newborn animals compared
with adult animals (Chen et al. 1995; Haworth et a. 1997,
Meno et al. 1989). This increased expression of NHE1 may
explain why ischaemia and acidosis have a reduced inhibi-
tory effect on cardiac contractility in newborn rabbit myo-
cardium compared with adult myocardium (Meno et a.
1989). Stimuli such as pressure overload also increase NHE1
expression in the cardiovascular system (Takewaki et al.
1995).

As discussed earlier, Na/H* exchange activity is a media-
tor of damage that occurs to the myocardium during
ischaemia and reperfusion. Because of this, several groups
have examined the effects of ischaemia on the expression of
NHEL. In isolated perfused hearts, ischaemia caused levels
of mMRNA for the Na*/H* exchanger to increase. In addition,
subjecting isolated cardiac cells to external acidosis resulted
in increased activity of the exchanger (Dyck et al. 1992,
1995; Gan et a. 1999). It has also been noted that NHE1
message and protein levels are both increased after myocar-
dia infarction (Sandmann et a. 2001). Future studies may
explore more directly the mechanisms by which these clini-
cal diseases increase NHE1 message and protein levels.

Mechanisms of Na*/H* exchange

Little is known about the overall mechanism behind cation
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transport by NHE1. However, severa studies have identified
specific amino acids that are important in inhibitor binding
and in ion transport. Specifically, residues in transmembrane
segments 1V, VII, IX, and XI, in the membrane-associated
segment, and in the two reentrant loops have been impli-
cated (see Fig. 1). The mgjority of residues implicated in ion
transport and inhibitor binding are located in transmembrane
segment 1V. In 1993, Counillon et al. (1993a) found that a
Phel65Tyr mutation in transmembrane segment 1V of the
hamster NHEL sequence, which corresponds to Phel6l in
the human sequence, causes both a 40-fold increase in
resistance to the amiloride derivative N°-methyl-N°-
propylamiloride (MPA) and a three- to fourfold decrease in
Na* transport rate. This indicates that Phel65 affects both
amiloride binding and the V. for Na" transport. In the
same study, these authors found that a Leul67Phe mutation
in transmembrane segment 1V, which corresponds to Leu163
in the human sequence, causes a 30-fold increase in resis-
tance to MPA with no effect on Na" transport. In 1997, us-
ing random mutagenesis, the same group found that a
Gly174Ser mutation in NHE1 causes a modest 3.3-fold in-
crease in resistance to amiloride, with no effect on Na*
transport (Counillon et al. 1997). They also made an NHE1
double mutant (Leul63Phe/Gly174Ser), which they found to
have a strongly reduced affinity for various inhibitors and a
twofold decrease in sodium affinity, further implicating
transmembrane segment 1V as important in ion binding and
transport. Recently, a Phel62Ser mutation, aso in
transmembrane segment |V, was found to cause a dramatic
decrease in affinity for cariporide and a 10-fold decrease in
affinity for Na* (Touret et al. 2001). Finaly, two other sub-
dtitution mutations have been investigated: a single
Gly152Ala mutation, which corresponds to Gly148 in the
human sequence, and a double Pro157Ser/Pro158Phe muta-
tion, which corresponds to Pro153/Pro154 in the human se-
guence. In both cases the mutated residues are located in the
second exomembrane loop at the N-terminal end of
transmembrane segment 1V, and they both modestly reduce
the drug sensitivity and catalytic turnover of the exchanger
(Khadilkar et al. 2001). Overall, these studies provide a
strong case for the involvement of transmembrane segment
IV in the ion binding and transport properties of NHEL.

In contrast with transmembrane segment IV, less is known
about other regions of NHEL that may be involved in its
function. We have shown that residues Glu262 and Asp267
are essential for NHEL activity, and so transmembrane seg-
ment VIl is clearly also involved in the ion binding and
transport capabilities of NHE1 (Murtazina et al. 2001). The
effects of these mutations do not arise from alterations in the
structure of NHE1, since mutating nearby residues has no
effect, mutant proteins are properly targeted to the plasma
membrane, and limited proteolytic digestion shows no dif-
ferences between the wild-type and mutant exchangers
(Murtazina et al. 2001). In addition, substitution of mutated
Glu262 and Asp267 with alternative acidic residues restores
Na‘/H* exchanger activity, further confirming that the intro-
duced mutations were not affecting the overall conformation
of NHE1 (Murtazina et al. 2001).

Transmembrane segment | X also appears to be involved in
NHEL function. Specifically, it seems to play a role in
amiloride binding, since mutating His349 to glycine or
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leucine increases resistance to amiloride, and mutating
His349 to tyrosine or phenylalanine decreases resistance to
amiloride (Wang et al. 1995). Moreover, in 1996, Orlowski
and Kandasamy (1996) found that interchanging a 66 amino
acid segment of NHEL, which contains transmembrane seg-
ment 1X and its adjacent loops, with the same segment in
NHE3 caused reciprocal alterations in the sensitivities of
these isoforms to amiloride, ethylisopropylamiloride,
HOE694, and cimetidine (Orlowski and Kandasamy 1996).
Again, the chimeric NHE1 mutants retained their normal
Na'* transport properties. More recently, two residues within
transmembrane segment IX of rat NHE1, Glu350 and
Gly356, which correspond to Glu346 and Gly352 in human
NHEL, respectively, were identified as major determinants
of drug sensitivity (Khadilkar et al. 2001). Mutation of these
residues does not appreciably affect Na* affinity, but it
markedly decreases the catalytic turnover of the transporter.

Finally, two recent papers have suggested that trans-
membrane segment XI plays a role in NHE1 function. The
first of these describes a novel topological model of NHE1,
which is based on substituted cysteine accessibility analysis.
In this study, a number of cysteine mutants in transmem-
brane segment XI showed altered function, suggesting that
these residues may be involved either in ion transport or in
proper targeting to the plasma membrane (Wakabayashi et
a. 2000a). In the second paper, localization studies deter-
mined that two of these mutants, Tyr454Cys and
Argd58Cys, are retained in the endoplasmic reticulum
(Wakabayashi et al. 2000b). Although these results seem to
indicate some importance for transmembrane segment XI, it
remains unclear at this time whether this transmembrane
segment is directly involved in NHE1 function or if it is only
required for proper folding and targeting of the transporter.

A number of the residues that are implicated in NHE1
function are not located in transmembrane helices. Spe-
cificaly, these residues are located in intracellular loops 2
and 4 (IL2 and IL4) and in the membrane-associated seg-
ment (Fig. 1). The maor evidence implicating IL2 and IL4
comes from studying the accessibility of cysteine in mutated
amino acids in these loops. It was found that parts of IL2
and IL4 are accessible from both sides of the membrane
(Wakabayashi et al. 2000a). In addition, treating the mutants
Argl80Cys and GIn181Cys (both mutations located within
IL2) with the membrane-impermeant sulfhydryl reagent 2-
trimethylammoniumethyl-methanethiosulfonate severely in-
hibits transport. The authors hypothesized that IL2 and IL4
are located in a pore-lining region of NHEL that is involved
in ion transport (Wakabayashi et a. 2000b). Further evi-
dence for the importance of these loops comes with the pre-
diction that IL2 and IL4 contain the putative H*-sensor
region of NHE1 (Kinsella et al. 1998).

Some functional importance for the membrane-associated
segment of NHEL is thought to be likely because this seg-
ment contains several polar amino acids and is reminiscent
of the selectivity filter of potassium channels (Murtazina et
a. 2001). Recently, our group demonstrated that Glu391, lo-
cated within the membrane-associated segment, is important
for activity (Murtazina et al. 2001). Again, mutation to an
alternative acidic residue restored Na'/H* exchanger activity,
indicating that the effects of mutating Glu391 almost cer-
tainly do not arise from an altered structure of NHEL. Thus,
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the membrane-associated segment also plays a role in the
ion binding and transport properties of NHEL.

Summary and significance

The Na'/H* exchanger is a membrane protein with diverse
physiological functions. It is important in cell proliferation,
in heart disease, in apoptosis, and in cellular differentiation.
Although a great deal of research has been done on the
Na‘/H* exchanger, there are many remaining questions, in-
cluding unravelling the processes involved in its regulation.
It also remains to be determined whether inhibitors of the
Na*/H* exchanger will be useful in clinical treatments for
heart disease. The mechanism by which the Na'/H*
exchanger transports ions and interacts with inhibitors re-
mains unknown. However, several key amino acid residues
have been implicated as being important in the function of
NHEL, and transmembrane segments IV, VII, and | X appear
to be particularly likely to interact with transported cations.
In addition, it is apparent that the C-terminal cytoplasmic
domain interacts with, and regulates, the transport activity of
the N-terminal membrane domain, but the mechanism be-
hind this is also unknown. Additional mutagenesis studies
will help to elucidate the mechanisms of NHEL ion trans-
port. Overall, it is clear that while a great deal of fundamen-
tal knowledge about the Na*/H* exchanger has been gained,
many questions are as yet unanswered and future research is
required to increase our understanding of this important
membrane protein.

Acknowledgements

Research by L.F. in this area was supported by the Cana-
dian Ingtitutes of Heath Research and by the Heart and
Stroke Foundation of Alberta. L.F. is a Scientist of the Al-
berta Heritage Foundation for Medical Research. E.S. is
grateful for the studentship support of the Alberta Heritage
Foundation for Medical Research.

References

Alvarez, J., Garcia-Sancho, J., Mollinedo, F., and Sanchez, A.
1989. Intracellular Ca?* potentiates Na'/H* exchange and cell
differentiation induced by phorbol ester in U937 cells. Eur. J.
Biochem. 183: 709-714.

Avkiran, M., and Marber, M.S. 2002. Na(+)/H(+) exchange inhibi-
tors for cardioprotective therapy: progress, problems and pros-
pects. J. Am. Coll. Cardiol. 39: 747-753.

Avkiran, M., and Yasutake, M. 1996. Role of the sarcolemmal
Na‘/H* exchanger in arrhythmogenesis during reperfusion of
ischemic myocardium. In The Na*/H* exchanger. Edited by L.
Fliegel. Springer/R.G. Landes Company, Austin, Tex. pp. 173—
187.

Baird, N.R., Orlowski, J., Szabo, E.Z., Zaun, H.C., Schultheis, PJ.,
Menon, A.G., and Shull, G.E. 1999. Molecular cloning,
genomic organization, and functional expression of Na‘/H*
exchanger isoform 5 (NHE5) from human brain. J. Biol. Chem.
274: 4377-4382.

Bertrand, B., Wakabayashi, S., lkeda, T., Pouyssegur, J., and
Shigekawa, M. 1994. The Na'/H* exchanger isoform 1 (NHEL)
is a novel member of the calmodulin-binding proteins. J. Biol.
Chem. 269: 13 703 — 13 709.

505

Besson, P, Fernandez-Rachubinski, F., Yang, W., and Fliegel, L.
1998. Regulation of Na*'/H* exchanger gene expression:
mitogenic stimulation increases NHE1 promoter activity. Am. J.
Physiol. 274: C831-C839.

Bianchini, L., Kapus, A., Lukacs, G., Wasan, S., Wakabayashi, S.,
Pouyssegur, J., Yu, F.H., Orlowski, J., and Grinstein, S. 1995.
Responsiveness of mutants of NHE1 isoform of Na*/H* antiport
to osmotic stress. Am. J. Physiol. 269:; C998-C1007.

Blaurock, N.C., Reboucas, N.A., Kusnezov, JL., and lgarashi, P
1995. Phylogenetically conserved sequences in the promoter of
the rabbit sodium-hydrogen exchanger isoform 1 gene (NHE1
SLC9A1). Biochim. Biophys. Acta, 1262: 159-163.

Bookstein, C., Xie, Y., Rabenau, K., Musch, M.W., McSwine,
R.L., Rao, M.C., and Chang, E.B. 1997. Tissue distribution of
Na*/H* exchanger isoforms NHE2 and NHE4 in rat intestine
and kidney. Am. J. Physiol. 273: C1496—C1505.

Brett, C.L., Wei, Y., Donowitz, M., and Rao, R. 2002. Human
Na(+)/H(+) exchanger isoform 6 is found in recycling
endosomes of cells, not in mitochondria. Am. J. Physiol. 282:
C1031-C1041.

Chambrey, R., Achard, JM., and Warnock, D.G. 1997. Hetero-
logous expression of rat NHE4: a highly amiloride-resistant
Na*/H* exchanger isoforms. Am. J. Physiol. 272: C90-C98.

Chen, F,, Jarmakani, JM., and Van Dop, C. 1995. Developmental
changes in mRNA encoding cardiac Na*/H* exchanger (NHE-1)
in rabbit. Biochem. Biophys. Res. Commun. 212: 960-967.

Callins, JF, Honda, T., Knobel, S, Bulus, N.M., Conary, J.,
DuBois, R., and Ghishan, FK. 1993. Molecular cloning, se-
quencing, tissue distribution, and functional expression of a
Na'/H* exchanger (NHE-2). Proc. Natl. Acad. Sci. U.S.A. 90:
3938-3942.

Counillon, L., Franchi, A., and Pouyssegur, J. 1993a. A point mu-
tation of the Na*/H* exchanger gene (NHE1) and amplification
of the mutated allele confer amiloride resistance upon chronic
acidosis. Proc. Natl. Acad. Sci. U.S.A. 90: 4508-4512.

Counillon, L., Scholz, W., Lang, H.L., and Pouysségur, J. 1993b.
Pharmacological characterization of stably transfected Na*/H*
antiporter isoforms using amiloride analogs and a new inhibitor
exhibiting anti-ischemic properties. Mol. Pharmacol. 44: 1041—
1045.

Counillon, L., Noel, J., Reithmeier, R.A.F., and Pouyssegur, J.
1997. Random mutagenesis reveals a novel site involved in in-
hibitor interaction within the fourth transmembrane segment of
the Na'/H* exchanger-1. Biochemistry, 36: 2951-2959.

Denker, S.P, and Barber, D.L. 2002. lon transport proteins anchor
and regulate the cytoskeleton. Curr. Opin. Cell Biol. 14: 214—
220.

Denker, S.P, Huang, D.C., Orlowski, J., Furthmayr, H., and Bar-
ber, D.L. 2000. Direct binding of the Na—H exchanger NHEL1 to
ERM proteins regulates the cortical cytoskeleton and cell shape
independently of H(+) translocation. Mol. Cells, 6: 1425-1436.

D’'Souza, S., Garcia-Cabado, A., Yu, F, Teter, K., Lukacs, G.,
Skorecki, K., Moore, H.-P, Orlowski, J., and Grinstein, S. 1998.
The epithelial sodium-hydrogen antiporter Na*/H* exchanger 3
accumulates and is functional in recycling endosomes. J. Biol.
Chem. 273: 2035-2043.

Dyck, JR.B., and Fliegel, L. 1995. Specific activation of the
Na'/H* exchanger during neuronal differentiation of embryonal
carcinoma cells. J. Biol. Chem. 270: 10 420 — 10 427.

Dyck, JR.B., Lopaschuk, G.D., and Fliegel, L. 1992. Identification
of a small Na*/H* exchanger-like message in the rabbit myo-
cardium. FEBS Lett. 310: 255-259.

© 2002 NRC Canada



506

Dyck, JR.B., Silva, N.L.C.L., and Fliegel, L. 1995. Activation of
the Na*/H* exchanger gene by the transcription factor AP-2. J.
Biol. Chem. 270: 1375-1381.

Fafournoux, P, Noel, J., and Pouysségur, J. 1994. Evidence that
Na'/H* exchanger isoforms NHE1 and NHE3 exist as stable
dimers in membranes with a high degree of specificity for
homodimers. J. Biol. Chem. 269: 2589-2596.

Fernandez-Rachubinski, F., and Fliegel, L. 2001. COUP-TFI and
COUP-TFII regulate expression of the NHE through a nuclear
hormone responsive element with enhancer activity. Eur. J.
Biochem. 268: 620-634.

Fliegel, L. 2001. Regulation of myocardial Na'/H* exchanger ac-
tivity. Basic Res. Cardiol. 96: 301-305.

Fliegel, L., and Dibrov, P. 1996. Biochemistry and molecular biol-
ogy of the Na‘'/H* exchanger: an overview. In The Na'/H*
exchanger. Edited by L. Fliegel. Springer/R.G. Landes Com-
pany, Austin, Tex.

Fliegel, L., and Wang, H. 1997. Regulation of the Na'/H*
exchanger in the mammalian myocardium. J. Mol. Cell. Cardiol.
29: 1991-1999.

Fliegel, L., Sardet, C., Pouysségur, J., and Barr, A. 1991. Identifi-
cation of the protein and cDNA of the cardiac Na/H exchanger.
FEBS Lett. 279: 25-29.

Fliegel, L., Walsh, M.P, Singh, D., Wong, C., and Barr, A. 1992.
Phosphorylation of the carboxyl-terminal domain of the Na*/H*
exchanger by Ca?*/calmodulin-dependent protein kinase II.
Biochem. J. 282: 139-145.

Fliegel, L., Dyck, JR.B., Wang, H., Fong, C., and Haworth, R.S.
1993a. Cloning and analysis of the human myocardial Na*/H*
exchanger. Mol. Cell. Biochem. 125: 137-143.

Fliegel, L., Haworth, R.S., and Dyck, J.R.B. 1993b. Characteriza-
tion of the placental brush border membrane Na‘/H* exchanger:
identification of thiol-dependent transitions in apparent molecu-
lar size. Biochem. J. 289: 101-107.

Gan, X.T., Chakrabarti, S., and Karmazyn, M. 1999. Modulation of
Na'/H* exchange isoform 1 mRNA expression in isolated rat
hearts. Am. J. Physiol. 277: H993-H998.

Grinstein, S., Rotin, D., and Mason, M.J. 1989. Na*/H* exchange
and growth factor-induced cytosolic pH changes. Role in cellu-
lar proliferation. Biochim. Biophys. Acta, 988: 73-97.

Harris, C., and Fliegel, L. 1999. Amiloride and the Na'/H*
exchanger protein. Mechanism and significance of inhibition of
the Na'/H* exchanger. Int. J. Mol. Med. 3: 315-321.

Haworth, R.S., Yasutake, M., Brooks, G., and Avkiran, M. 1997.
Cardiac Na*/H* exchanger during post-natal development in the
rat: changes in mRNA expression and sarcolemmal activity. J.
Mol. Cell. Cardiol. 29: 321-332.

Haworth, R.S., Sinnett-Smith, J., Rozengurt, E., and Avkiran, M.
1999. Protein kinase D inhibits plasma membrane Na(+)/H(+)
exchanger activity. Am. J. Physiol. 277: C1202—C1209.

Hazav, P, Shany, S., Moran, A., and Levy, R. 1989. Involvement of
intracellular pH elevation in the effect of 1,25-dihydroxyvitamin
D3 on HL60 cells. Cancer Res. 49: 72—75.

Hoffmann, E., and Simonsen, L.O. 1989. Membrane mechanisms
in volume and pH regulation in vertebrate cells. Physiol. Rev.
69: 315-382.

Horie, S., Moe, O., Yamaiji, Y., Cano, A., Miller, R.T., and Alpern,
R.J. 1992. Role of protein kinase C and transcription factor AP-
1 in the acid-induced increase in Na'/H* antiporter activity.
Proc. Natl. Acad. Sci. U.S.A. 89: 5236-5240.

Ives, H.E., Yee, V.J.,, and Warnock, D.G. 1983. Mixed type inhibi-
tion of the renal Na'/H* antiporter by Li* and amiloride. Evi-
dence for a modifier site. J. Biol. Chem. 258: 9710-9716.

Biochem. Cell Biol. Vol. 80, 2002

Karmazyn, M. 1996a. Role of sodium-hydrogen exchange in me-
diating myocardial ischemic and reperfusion injury. Mechanisms
and therapeutic implications. In The Na'/H* exchanger. Edited
by L. Fliegel. Springer/R.G. Landes Company, Austin, Tex.

Karmazyn, M. 1996b. Sodium-hydrogen exchange inhibition — a
superior cardioprotective strategy. J. Thoracic Cardiovasc. Surg.
112: 776-777.

Karmazyn, M. 2001. Therapeutic potential of Na*—H* exchange in-
hibitors for the treatment of heart failure. Expert Opin. Investig.
Drugs, 10: 835-843.

Karmazyn, M., Gan, T., Humphreys, R.A., Yoshida, H., and
Kusumoto, K. 1999. The myocardial Na'—H* exchange. Struc-
ture, regulation, and itsrole in heart disease. Circ. Res. 85: 777—
786.

Karmazyn, M., Sostaric, J.V., and Gan, X.T. 2001. The myocardial
Na*/H* exchanger: a potential therapeutic target for the preven-
tion of myocardial ischaemic and reperfusion injury and attenu-
ation of postinfarction heart failure. Drugs, 61: 375-389.

Khadilkar, A., lannuzzi, P, and Orlowski, J. 2001. |dentification of
sites in the second exomembrane loop and ninth transmembrane
helix of the mammalian Na'/H* exchanger important for drug
recognition and cation translocation. J. Biol. Chem. 276:
43792 — 43 800.

Khaed, A.R., Kim, K., Hofmeister, R., Muegge, K., and Durum,
SK. 1999. Withdrawal of IL-7 induces Bax translocation from
cytosol to mitochondria through arise in intracellular pH. Proc.
Natl. Acad. Sci. U.S.A. 96: 14 476 — 14 481.

Khaled, A.R., Moor, A.N., Li, A., Kim, K., Ferris, D.K., Muegge,
K., Fisher, R.J, Fliegel, L., and Durum, S.K. 2001. Trophic fac-
tor withdrawal: p38 mitogen-activated protein kinase activates
NHE1, which induces intracellular akalinization. Mol. Cell.
Biol. 21: 7545-7557.

Kinsella, JL., Heller, P, and Froehlich, JP. 1998. Na‘'/H*
exchanger: proton modifier site regulation of activity. Biochem.
Cell Biol. 76: 743-749.

Kolyada, A.Y., Lebedeva, T.V., Johns, C.A., and Madias, N.E.
1994. Proximal regulatory elements and nuclear activities re-
quired for transcription of the human Na'/H* exchanger (NHE-
1) gene. Biochim. Biophys. Acta, 1217: 54-64.

Kolyada, A.Y., Johns, C.A., and Madias, N.E. 1995. Role of
C/EBP proteins in hepatic and vascular smooth muscle tran-
scription of human NHE1 gene. Am. J. Physiol. 269: C1408—
C1416.

Kusuhara, M., Takahashi, E., Peterson, T.E., Abe, J., Ishida, M.,
Han, J., Ulevitch, R., and Berk, B.C. 1998. p38 kinase is a nega-
tive regulator of angiotensin Il signal transduction in vascular
smooth muscle cells. Effects on Na*/H* exchange and ERK1/2.
Circ. Res. 83: 824-831.

Kusumoto, K., Haist, J.V., and Karmazyn, M. 2001. Na(+)/H(+)
exchange inhibition reduces hypertrophy and heart failure after
myocardial infarction in rats. Am. J. Physiol. 280: H738-H745.

Lin, X., and Barber, D.L. 1996. A calcineurin homologous protein
inhibits GTPase-stimulated Na—H exchange. J. Biol. Chem. 93:
12631 — 12 636.

Mailander, J., Muller-Esterl, W., and Dedio, J. 2001. Human
homolog of mouse tescalcin associates with Na(+)/H(+)
exchanger type-1. FEBS Lett. 507: 331-335.

Meno, H., Jarmakani, J.J., and Philipson, K.D. 1989. Developmen-
tal changes of sarcolemmal Na'—H* exchange. J. Moal. Cell.
Cardiol. 21: 1179-1185.

Miller, R.T., Counillon, L., Pages, G., Lifton, R.P, Sardet, C., and
Pouyssegur, J. 1991. Structure of the 5-flanking regulatory re-
gion and gene for the human growth factor-activatable Na“/H*
exchanger NHE-1. J. Biol. Chem. 266: 10 813 — 10 819.

© 2002 NRC Canada



Slepkov and Fliegel

Moor, A.N., and Fliegel, L. 1999. Protein kinase mediated regula-
tion of the Na*/H* exchanger in the rat myocardium by MAP-
kinase-dependent pathways. J. Biol. Chem. 274: 22985 —
22 992.

Moor, A., Xiaohong, T.G., Karmazyn, M., and Fliegel, L. 2001.
Protein kinase mediated regulation of the Na'/H* exchanger
isoform 1 (NHE1) in ischemic and ischemic-reperfused rat
heart. J. Biol. Chem. 27: 16 113 — 16 122.

Murtazina, B.R., Booth, B.J.,, Bullis, B.L., Singh, D.N., and
Fliegel, L. 2001. Functiona analysis of polar amino acid resi-
dues in membrane associated regions of the NHE1 isoform of
the Na*/H* exchanger. Eur. J. Biochem. 268: 1-13.

Nass, R., and Rao, R. 1998. Novel localization of a Na'/H*
exchanger in a late endosomal compartment of yeast. J. Biol.
Chem. 273: 21 054 — 21 060.

Numata, M., and Orlowski, J. 2001. Molecular cloning and charac-
terization of a novel (Na“,K*)/H* exchanger localized to the
trans-Golgi network. J. Biol. Chem. 276: 17 387 — 17 394.

Numata, M., Petrecca, K., Lake, N., and Orlowski, J. 1998. Identi-
fication of a mitochondrial Na'/H* exchanger. J. Biol. Chem.
273: 6951-6959.

Orlowski, J. 1993. Heterologous expression and functional proper-
ties of amiloride high affinity (NHE-1) and low affinity (NHE-3)
isoforms of the rat Na‘'/H* exchanger. J. Biol. Chem. 268:
16 369 — 16 377.

Orlowski, J., and Grinstein, S. 1997. Na*/H* exchangers of mam-
malian cells. J. Biol. Chem. 272: 22 373 — 22 376.

Orlowski, J., and Kandasamy, R.A. 1996. Delineation of
transmembrane domains of the Na'/H* exchanger that confer
sensitivity to pharmacological antagonists. J. Biol. Chem. 271:
19922 — 19 927.

Orlowski, J., Kandasamy, R.A., and Shull, G.E. 1992. Molecular
cloning of putative members of the Na*/H* exchanger gene fam-
ily. J. Biol. Chem. 267: 9331-9339.

Pouyssegur, J., Sardet, C., Franchi, A., L'Allemain, G., and Paris,
S. 1984. A specific mutation abolishing Na*/H* antiport activity
in hamster fibroblasts precludes growth at neutral and acidic pH.
Proc. Natl. Acad. Sci. U.S.A. 81: 4833-4837.

Putney, L.K., Denker, S.P, and Barber, D.L. 2002. The changing
face of the Na*/H* exchanger, NHEL: structure, regulation, and
cellular actions. Annu. Rev. Pharmacol. Toxicol. 42: 527-552.

Rao, G.N., de Roux, N., Sardet, C., Pouyssegur, J., and Berk, B.C.
1991. Na*/H* antiporter gene expression during monocytic dif-
ferentiation of HL60 cells. J. Biol. Chem. 266: 13 485 — 13 488.

Rao, G.N., Sardet, C., Pouyssegur, J., and Berk, B.C. 1992. Na'/H*
antiporter gene expression increases during retinoic acid-
induced granulocytic differentiation of HL60 cells. J. Cell.
Physiol. 151: 361-366.

Reider, C., and Fliegel, L. 2002. Developmental regulation of
Na'/H* exchanger expression in the fetal and neonatal mouse.
Am. J. Physiol. 283: H273-H283.

Reshkin, S.J., Bellizzi, A., Cddeira, S., Albarani, V., Maanchi, I.,
Poignee, M., Alunni-Fabbroni, M., Casavola, V., and
Tommasino, M. 2000. Na*/H* exchanger-dependent intracellular
alkalinization is an early event in malignant transformation and
plays an essentia role in the development of subsequent trans-
formation-associated phenotypes. FASEB J. 14: 2185-2197.

Rich, I.N., Worthington-White, D., Garden, O.A., and Musk, P.
2000. Apoptosis of leukemic cells accompanies reduction in
intracellular pH after targeted inhibition of the Na(+)/H(+)
exchanger. Blood, 95: 1427-1434.

Rotin, D., Steele-Norwood, D., Grinstein, S., and Tannock, |. 1989.
Requirement of the Na"/H* exchanger for tumor growth. Cancer
Res. 49: 205-211.

507

Sandmann, S., Yu, M., Kaschina, E., Blume, A., Bouzinova, E.,
Aalkjaer, C., and Unger, T. 2001. Differential effects of angio-
tensin AT1 and AT2 receptors on the expression, translation and
function of the Na'—H* exchanger and Na"—HCO5~ symporter in
the rat heart after myocardia infarction. J. Am. Coll. Cardiol.
37: 2154-2165.

Sardet, C., Franchi, A., and Pouysségur, J. 1989. Molecular clon-
ing, primary structure, and expression of the human growth
factor-activatable Na'/H* antiporter. Cell, 56: 271-280.

Shrode, L., Cabado, A., Goss, G., and Grinstein, S. 1996. Role of
the Na/H* antiporter isoforms in cell volume regulation. In The
Na*/H* exchanger. Edited by L. Fliegel. Springer/R.G. Landes
Company, Austin, Tex. pp. 101-122.

Silva, N.L.C.L., Haworth, R.S., Singh, D., and Fliegel, L. 1995.
The carboxyl-terminal region of the Na*/H* exchanger interacts
with mammalian heat shock protein. Biochemistry, 34: 10 412 —
10 420.

Snabaitis, A.K., Yokoyama, H., and Avkiran, M. 2000. Roles of
mitogen-activated protein kinases and protein kinase C in ay-
adrenoreceptor-mediated stimulation of the sarcolemmal Na‘—
H* exchanger. Circ. Res. 86: 214-220.

Szabo, E.Z., Numata, M., Shull, G.E., and Orlowski, J. 2000. Ki-
netic and pharmacological properties of human brain
Na(+)/H(+) exchanger isoform 5 stably expressed in Chinese
hamster ovary cells. J. Biol. Chem. 275: 6302—6307.

Takahashi, E., Abe, J., and Berk, B.C. 1997. Angiotensin |l stimu-
lates p90™ in vascular smooth muscle cells: a potential Na'/H*
exchanger kinase. Hypertension, 29: 1265-1272.

Takewaki, S., Kuro-o, M., Hiroi, Y., Yamazaki, T., Noguchi, T.,
Miyagishi, A., Nakahara, K., Aikawa, M., Manabe, |., and
Yazaki, Y. 1995. Activation of Na(+)-H+ antiporter (NHE-1)
gene expression during growth, hypertrophy and proliferation of
the rabbit cardiovascular system. J. Mol. Cell. Cardiol. 27: 729—
742.

Tominaga, T., Ishizaki, T., Narumiya, S., and Barber, D.L. 1998.
pl60ROCK mediates RhoA activation of Na-H exchange.
EMBO J. 17: 4712-4722.

Touret, N., Poujeol, P, and Counillon, L. 2001. Second-site
revertants of a low-sodium-affinity mutant of the Na‘'/H*
exchanger reveal the participation of TM4 into a highly con-
strained sodium-binding site. Biochemistry, 40: 5095-5101.

Tse, C.-M., Leving, SA., Yun, C.H.C., Montrose, M.H., Little, P.J,,
Pouyssegur, J., and Donowitz, M. 1993. Cloning and expression
of a rabbit cDNA encoding a serum-activated
ethylisopropylamiloride-resistant epithelial Na'/H* exchanger
isoform (NHE-2). J. Biol. Chem. 268: 11 917 — 11 924.

Vairo, G., and Hamilton, JA. 1993. Evidence against a require-
ment for Na*/H* exchange activity for proliferation or differenti-
ation of HL 60 leukemic cells. Cell Growth Differ. 4: 461-466.

Wakabayashi, S., Fafournoux, P, Sardet, C., and Pouyssegur, J.
1992. The Na'/H* antiporter cytoplasmic domain mediates
growth factor signals and controls “H(+)-sensing”. Proc. Natl.
Acad. Sci. U.SA. 89: 2424-2428.

Wakabayashi, S., Bertrand, B., lkeda, T., Pouyssegur, J., and
Shigekawa, M. 1994. Mutation of calmodulin-binding site ren-
ders the Na*/H* exchanger (NHE1) highly H*-sensitive and Ca®*
regulation-defective. J. Biol. Chem. 269: 13 710 — 13 715.

Wakabayashi, S., Pang, T., Su, X., and Shigekawa, M. 2000a. A
novel topology model of the human Na*/H* exchanger isoform
1. J. Biol. Chem. 275: 7942—7949.

Wakabayashi, S., Pang, T., Su, X., and Shigekawa, M. 2000b. Sec-
ond mutations rescue point mutant of the Na(+)/H(+) exchanger
NHEL showing defective surface expression. FEBS Lett. 487:
257-261.

© 2002 NRC Canada



508

Wang, Z., Orlowski, J., and Shull, G.E. 1993. Primary structure
and functional expression of a novel gastrointestinal isoform of
the rat Na'/H* exchanger. J. Biol. Chem. 268: 11 925 — 11 928.

Wang, D., Balkovetz, D.F., and Warnock, D.G. 1995. Mutational
analysis of transmembrane histidines in the amiloride-sensitive
Na*/H* exchanger. Am. J. Physiol. 269: C392-C402.

Wang, H., Silva, N.L.C.L., Lucchesi, PA., Haworth, R., Wang, K.,
Michalak, M., Pelech, S., and Fliegel, L. 1997. Phosphorylation
and regulation of the Na'/H* exchanger through mitogen-
activated protein kinase. Biochemistry, 36: 9151-9158.

Wang, J., Singh, D., and Fliegel, L. 1997. The Na*/H* exchanger
potentiates growth and retinoic acid induced differentiation of
P19 embryonal carcinoma cells. J. Biol. Chem. 272: 26 545 —
26 549.

Warnock, D.G., Yang, W.C., Huang, Z.Q., and Cragoe, E.J., J.
1988. Interactions of chloride and amiloride with the renal
Na*/H* antiporter. J. Biol. Chem. 263: 7216-7221.

Yan, W., Nehrke, K., Choi, J., and Barber, D.L. 2001. The Nck-
interacting kinase (NIK) phosphorylates the Na*—H* exchanger

Biochem. Cell Biol. Vol. 80, 2002

NHEL1 and regulates NHE1 activation by platel et-derived growth
factor. J. Biol. Chem. 276: 31 349 — 31 356.

Yang, W., Dyck, J.R.B., and Fliegel, L. 1996. Regulation of NHE1
expression in L6 muscle cells. Biochim. Biophys. Acta, 1306:
107-113.

Yoshida, H., and Karmazyn, M. 2000. Na(+)/H(+) exchange inhibi-
tion attenuates hypertrophy and heart failure in 1-wk
postinfarction rat myocardium Am. J. Physiol. 278: H300—
H304.

Yu, FH., Shull, G.E., and Orlowski, J. 1993. Functional properties
of the rat Na'/H* exchanger NHE-2 isoform expressed in
Na'/H* exchanger-deficient Chinese hamster ovary cells. J. Biol.
Chem. 268: 25536 — 25 541.

Yun, C.H., Little, PJ,, Nath, SK., Levine, S.A., Pouyssegur, J.,
Tse, C.M., and Donowitz, M. 1993. Leul43 in the putative
fourth membrane spanning domain is critical for amiloride inhi-
bition of an epithelial Na'/H* exchanger isoform (NHE-2).
Biochem. Biophys. Res. Commun. 193: 532-5309.

© 2002 NRC Canada



